A continuous culture system was developed to examine the cell surface carbohydrates of Bradyrhizobium sp. strain 32H1. When cultures were shifted from aerobic to microaerobic growth conditions, nitrogenase activity was induced and extracellular polysaccharide levels were greatly reduced; however, the levels of cell-associated cyclic beta-1,6 -1,3 glucans were found to be essentially unchanged.
The cell surface carbohydrates of these bacteria are believed to provide functions during the plant infection process. These carbohydrates include extracellular polysaccharides, capsular polysaccharides, lipopolysaccharides, and oligosaccharides. Studies in our laboratory have focused upon a class of rhizobial oligosaccharides, the cyclic beta glucans, and we have shown that the cyclic beta glucans of bradyrhizobial species are different in structure than those synthesized by Rhizobium species. Specifically, the cyclic beta glucans produced by Rhizobium species contain 17 to 24 glucose residues linked solely by beta-1,2 glycosidic linkages, while the bradyrhizobial cyclic beta glucans are smaller (10 to 13 glucose residues) and are linked by both beta-1,6 and beta-1,3 glycosidic linkages (6, 7) .
The differentiation of bacterium to bacteroid has been found to be associated with numerous changes in cell metabolism, a general increase in cel volume, and an alteration in cell surface carbohydrate composition. With regard to cell surface carbohydrate composition, it appears that biosynthesis of extracellular polysaccharide, capsular polysaccharide, and lipopolysaccharide is greatly reduced in the bacteroid state (2, 4, 8, 10-12, 14, 15) , suggesting, perhaps, that these cell surface carbohydrates provide functions primarily during the early stages of legume nodulation. In order to gain a further understanding of the cell surface carbohydrate changes which occur during bacteroid differentiation, we have taken advantage of the fact that strains of Bradyrhizobium are capable of bacteroid differentiation ex planta during microaerobic growth. In the present study, we have utilized a continuous culture system to examine the effects of microaerobic growth conditions on the biosynthesis of cellassociated cyclic beta-1,6 -1,3 glucans by Bradyrhizobium sp. strain 32H1.
Continuous culture conditions. Bradyrhizobium sp. strain 32H1 has been previously described (7 Precultures (200 ml) of Bradyrhizobium sp. strain 32H1 were grown in defined medium on a rotary shaker at 30°C for 4 to 7 days. The preculture was added to the fermentor through an inoculation line by using a peristaltic pump. Initially, the culture was grown in batch mode within the fermentor for approximately 4 days, after which the fermentor was switched to continuous culture mode.
Nitrogenase assay. Nitrogenase activity was measured by the acetylene reduction method (13) . Samples (10 ml) from the continuous culture were withdrawn directly into a syringe from a sampling line through a Luer-Lok fitting. Each sample was then added to a serum bottle (total volume, 119 ml) that had previously been flushed with sterile nitrogen gas. Acetylene gas (4.4 ml) and air (2.2 ml) were also added to each serum bottle. The headspace gas was analyzed for the presence of ethylene by using a model 3300 gas chromatograph (Varian Instruments Group, Sunnyvale, Calif.) with a flame ionization detector. The injector, column, and detector temperatures were 125, 40, and 190°C, respectively. Helium was used as the carrier gas at a flow rate of 20 ml/min. Analysis was performed by using a stainless steel Porapak T column (one-eighth in. by 3 ft [ca. 0.3 by 91.4 cm]) (Supelco, Inc., Bellefonte, Pa.).
Analysis of glucans and polysaccharides. Cell-associated cyclic beta-1,6 -1,3 glucans were extracted from cells by using a previously described methanol extraction procedure (7) . Extracts were assayed for glucan content by gel filtration chromatography on Sephadex G50 and Sephadex G25 and by ion-exchange chromatography on DEAE-cellulose as previously described (7) . The amount of extracellular VOL. 174, 1992 c: Nuclear magnetic resonance and fast-atom-bombardment mass spectrometry analyses. Nuclear magnetic resonance and fast-atom-bombardment mass spectrometry experiments were performed as previously described (7).
Nitrogenase activity is induced when continuous cultures of Bradyrhizobium sp. strain 32H1 are shifted from aerobic to microaerobic growth conditions. Under aerobic continuous culture conditions, the growth of Bradyrhizobium sp. strain 32H1 was found to be nitrogen limited at glutamate concentrations below 4 mM. However, when cells were shifted to microaerobic conditions, oxygen became the limiting factor for growth (Fig. 1) .
When samples were removed from the continuous culture system and assayed for nitrogenase activity, no activity within aerobic cultures was detected. However, high levels of nitrogenase activity within samples removed from microaerobic continuous cultures were detected (Table 1) strain 32H1. In contrast to the decrease in extracellular polysaccharide levels detected when continuous cultures of Bradyrhizobium sp. strain 32H1 were shifted from aerobic to microaerobic growth conditions, the cell-associated cyclic beta-1,6 -1,3 glucan content of the cultures was found to remain relatively constant. As shown in Table 1 , the amount of cell-associated oligosaccharides corresponded to approximately 0.1 mg of glucose equivalent per mg of total cellular protein under both growth conditions. When cell-associated oligosaccharide preparations from both aerobic and microaerobic cultures were further analyzed by DEAE-cellulose chromatography, between 72 and 84% of the total oligosaccharide material was found to consist of neutral glucans (a result similar to that reported previously [7] ). Furthermore, when purified neutral glucan preparations from both aerobic and microaerobic cultures were examined by nuclear magnetic resonance spectroscopy, the spectra were essentially identical, and both glucans were found to contain glucose linked by beta-1,6 and beta-1,3 glycosidic bonds (data not shown). The spectra were also found to be essentially identical to those previously obtained for the cell-associated cyclic beta-1,6 -1,3 glucans of Bradyrhizobium sp. strain 32H1 cultured in YM medium (7) . Further analysis by fast-atom-bombardment mass spectrometry revealed two major glucan species in both aerobic and microaerobic neutral glucan preparations. These glucan species corresponded to cyclic glucans containing 11 and 12 glucose residues, which is also consistent with results we have previously reported (7) . While the results of the present study confirm that the induction of nitrogenase activity within microaerobic cultures of a Bradyrhizobium sp. is associated with a dramatic reduction in extracellular polysaccharide levels, the levels of cell-associated cyclic beta-1,6 -1,3 glucans remain essentially unchanged. Because 
